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Abstract
S-layer proteins, which naturally self-assemble on the exterior of cells, provide an
interesting basis for the creation of synthetic scaffolds. In this thesis, I created a
plasmid which produces a recombinant form of a well characterized S layer protein,
sbpA, which has a number of properties ideal for nanotechnology applications. I also
explored purification of both the native and recombinant forms of sbpA. Together
these preliminary studies are the first, necessary, steps towards quantitative genera-
tion of crystallization conditions and the ultimate modifications of the protein form
for a wide variety of engineering applications.
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Chapter 1
Introduction
1.1 Problem
For over thirty years, lithography has been the best and least expensive method for
transferring complex instructions for building devices and interconnect onto a surface
in a massively parallel fashion. Throughout this period the process has been con-
tinually improved by decreasing the wavelength of light used, which has the effect
of decreasing the size and cost of transistors while increasing their speed. As the
wavelength decreases into the x-ray region, the cost of both sources and optics be-
comes prohibitively expensive [52]. Although the methods of e-beam lithography and
dip-pen lithography do allow pattern formation on relevant length scales, parallelism
is challenging to build into these processes. Thus, these low throughput processes are
unlikely to replace lithography as a primary pattern formation technique. Processes
like stamping do retain the parallelism of lithography at nanometer length scales, but
in this case alignment becomes a problem. Moreover, if silicon remains the medium
for device fabrication, other problems such as statistical variations in devices due
to doping become a consideration below 50nm. Devices such as carbon nanotubes,
silicon nanowires, and molecular electronics provide alternate possibilities where the
size of the device is no longer the main limitation. Thus, the main requirements for
a replacement technology for lithography are self-alignment on all length scales and
the parallel construction of complex patterns with molecular precision. Chemically
13
precise self-assembly potentially meets these criteria and could replace lithography.
In order for chemically precise self-assembly to supplant lithography, the process
must be more than a series of dyadic or triadic cross-linking or binding interactions
between a number of parts. Similarly, the construction of uniform crystalline lattices
as an underlying pattern is not sufficient if the goal is to create structures that will
template the formation of a functioning circuit. Instead, chemically precise self-
assembly must be a process where designed complexity is an emergent property of
the starting conditions. Thus the object is not merely building from the bottom up,
but rather building in designed complexity from the bottom up. Ideally, the result
will be synthetic scaffolds that can template the formation of secondary structures,
such as circuits, on their surface. Winfree's work with two-dimensional, non-periodic,
self-assembled DNA structures gives some idea of the directions that I anticipate
(please refer to Appendix A for a review of his relevant work.)
This strategy for creating a self-assembly approach uses a naturally occurring
protein tile as a basis. Biological proteins, unlike normal disordered polymers, con-
sist of molecularly identical and identically ordered heteropolymers of twenty distinct
monomers, the natural amino acids. These highly structured polymers fold into iden-
tical, intricate, three dimensional structures with specific surface shapes and chemical
properties. Specific proteins, either engineered or naturally occurring, self-assemble
into regular arrays in one, two, or three dimensions by forming surface binding regions
complementary to one another. I have been motivated in thinking by the so-called
S-layer proteins, a diverse group of proteins which coat the outer surface of many
eubacterial and archaeal cells with a two-dimensional crystalline layer.
My choice of proteins as a material to work with is not accidental. The remarkable
ability of biology to programmably construct proteins using DNA as instructions
allows us to think about very intricate self-assembled structures.
Further, the fabrication of these structures is inexpensive - one can program
cells to do most of the work and one can program cells in some instances to export
the proteins into the culture medium. One might even imagine a film of cells (size
approximately 400 nm) which could be programmed to selectively produce specific
14
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Figure 1-1: S-layers form regular, nanostructured arrays. Image adapted from [45]
proteins at specific spatial locations. Those proteins might then self-assemble to form
locally distinct, non-uniform structures on a surface or within a volume.
Several researchers, notably Uwe Sleytr, have investigated the properties of these
S-layer proteins (some illustrations of which are shown in Figure 1-1.) The sequence
of many of these proteins is known. Some, but not all, can be cloned into E. coli. The
three-dimensional structures of some have been explored with electron microscopy or
x-ray crystallography. The largest monomolecular domains created are of diameter
50Mm [30, 31] (the domains are created with tiles on the order of 13x13 nm2 .) This
shows the potential scalability of the process using Langmuir Blodgett techniques
at an air-water interface and the feasibility of transfer of the assemblies to solid
substrates. Alternately, when tiles assemble directly onto solid substrates, such as
silicon, relatively uniform coverage can occur with domains ranging in size from 100-
200nm to 3-10pm in diameter depending on the substrate utilized [18].
15
1.2 Content of the Thesis
S-layer proteins seem to provide a natural and promising model for an engineering
system to create programmed self-assembled structures utilizing protein tiles. The
objective of the Master's thesis is to evaluate whether a particular S-layer protein is
a suitable basis tile for self-assembly. One can break this process into a number of
steps: 1) select the most promising model S-layer protein from the literature, 2) gain
expertise in purifying the native form of the model protein (to utilize as a control
in future experiments), 3) build a plasmid for producing the recombinant form of
the protein, 4) gain expertise in purifying the recombinant form of the protein, and
5) begin exploring crystallization and characterization of native and recombinant
monomolecular assemblies.
16
Chapter 2
Background
2.1 S-layers
2.1.1 The Location of S-Layers: the Surface of Cells
The term S-layer is derived from surface layer, because S-layer proteins form crys-
talline arrays on the outermost portion of the cell wall [46]. Thus, the outermost
surface layer or S-layer consists of these proteins. S-layers are common in eubacteria
and archaea, though the protein sequences that comprise them have little homology
[40].
What does it mean for the S-layer to be on the outside of the cell? It means
different things for different types of bacterial depending on the architecture of the
cell, as seen in Figure 2-1. In archaea, outside the cell means that the S-layer is
outside the cell membrane. In gram-positive bacteria, outside the cell means outside
the peptidoglycan layer. In gram-negative bacteria, outside the cell means outside
the outer membrane.
2.1.2 Natural Configurations of S-Layers
Typically, several identical S-layer protein chains or subunits assemble to form a
morphological unit [43]. Many morphological units assemble to form the crystalline
sheet of S-layer proteins that cover the cell (see Figure 2-2.) Three major types
17
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Figure 2-1: Relationship between S-layers and cell architecture for different cell types.
Image adapted from [40]
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Figure 2-2: From protein chains to crystals
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A diversity of lattice shapes exists
of symmetry exist in S-layer protein lattices: oblique, square, and hexagonal (see
Figure 2-2.) Square symmetry may be the most appropriate for nanotechnology
applications. Lattice spacing is the center-to-center spacing of the asymmetric units.
Lattice spacings of S-layers, which may be useful for nanotechnological applications,
range in size from 3-l5nm.
2.1.3 Functions of S-Layers
The functions of S-layer proteins have not yet been fully characterized from a molec-
ular standpoint. Hypothetical functions have been postulated, however. Campy-
lobacter fetus, which causes spontaneous abortion in sheep and infections in other
mammals, dynamically switches its coat of S-layer proteins during different stages
of infection, perhaps allowing it to stay one step ahead of the immune response [3].
Surface layers may be part of an evolutionary battle between bacteria and phage (the
viruses that kill them.) In the literature, researchers highlight this property and they
often refer to S-layer proteins as phage receptors [3, 21] (see Figure 2-4.) Suppose that
only the cell membrane, peptidoglycan layer, or outer membrane (depending upon the
type of bacteria-either archaea, gram positive eubacteria, or gram negative eubac-
19
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Figure 2-4: S-layer as a phage receptor. Adapted from [3]
teria) was the interface between the bacteria and the environment. In that case the
phage would have a one shot method for entry into the bacteria as soon as it evolved
a mechanism for getting past those defences. If the cell has an S-layer, specifically a
crystalline covering composed of repeating units, then either the phage or the immune
response must specifically recognize that exact sequence. (An interesting counterpoint
here is the remarkable success achieved in recognizing repeating crystalline forms in
inorganic materials using the technique of phage display. [53, 13, 34]). This mech-
anism may have evolved because the S-layer is both a conservative means in DNA
coding space to create a cell wall covering that reveals as little information about
the organism as possible provided that the sequence topology is not known to either
the phage or the immune system. Dynamic switching of S-layers may also allow fast
adaptation to changes in environmental conditions on non-evolutionary time scales.
In this case, again, the molecular mechanisms conveying functional advantage are not
known. Researchers have observed that certain organisms change or stop producing
an S-layer under one or more of the following conditions: transfer from an anaerobic
20
to aerobic environment [35], temperature increase [12], or repeated cultivation under
laboratory conditions
21
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Chapter 3
Choosing a Protein
I selected the protein sbpA from the strain Bacillus sphaericus (B. sphaericus) ATCC
4525 for a variety of reasons. No implicit access-based roadblocks existed for this
choice. The strain (ATCC 4525) and the media (nutrient broth) required for growth
were commercially available from the American Type Culture Collection. The cul-
tivation conditions required by the strain were accessible. It grew at a moderate
temperature (30'C) with shaking in an aerobic environment, was a BLi (no safety
risk) organism, and had a short doubling time [9, 47]. Both native and recombinant
forms of the protein sbpA were well characterized. The DNA and protein sequences
are known and publicly available [14, 15, 25]. Since the spbA protein tetramer formed
a square (measured lattice periodicity 12.3x12.3nm 2 +/-0.8nm [49]) which can self-
assemble into arrays, it was perhaps one of the closest natural embodiments of a
Wang tile (-typically rigid square tiles [10]). In addition, the plasmid containing
the entire reading frame of the gene sbpA wass stable in E. coli [24] despite the
fact that B. sphaericus is gram positive and E. coli is gram negative. Thus, the
recombinant protein can be produced in E. coli, which is the standard for genetic
engineering. Protein purification and crystallization techniques exist for both native
[17, 18, 23, 30, 44] and recombinant forms (both native-like and modified) [24, 25].
Thus, sbpA assembly could be a reversible and controlled process, which was not
true for all s-layer proteins. In addition, sbpA shows utility in previously reported
nanotechnology applications. These applications included sbpA assembled on silicon
23
[18], used as a "nanonatural" resist or mask [32], incorporated on substrate surfaces
irrigated by PDMS channels [17], supported lipid membranes (which can also contain
functional membrane proteins) [16], coated liposomes for importation into cells [24],
oriented of single chain antibodies [29], assembled functional fusion protein arrays (of
GFP [24] and an allergen protein sequence [25]), and created (cadmium sulphide [38]
and gold [11]) S-layer templated nanoparticle superlattices. This is useful because my
objective was not to discover new science at this stage but rather to utilize known
science in order to build a system with well defined parameters and consistently re-
producible results. The natural characteristics of the protein sbpA which enabled
prior nanotechnology applications, primarily that it presents three distinct surfaces
(1. lateral which binds to other subunits-one on each side of the tetragon, 2. top
which is exposed to the environment in nature, and 3. bottom which is exposed to
the cell in nature) are likely to lead to additional advances in the future. The ability
of sbpA to crystallize on surfaces such as silicon in either single or double layer sheets
depending upon where the surface is hydrophobic or hydrophilic (see Figure 3-1) [18]
is especially useful if assembly occurs on a flat surface, as atomic force microscopy
can then be used as an observational technique. Although the structure of the s-layer
protein from this particular strain has not been solved, the three-dimensional struc-
ture of a tetragonal protein from a related strain B. sphaericus P-I has been explored
with 3-D electron microscopy to a resolution on the order of Inm [28]. This is useful
for gaining some insight into what s-layer subunit interactions look like in a rough
sense as the first 35 n-terminal amino acids of sbpA show 97.1 percent identity with
the S-layer protein of B. sphaericus P-1, the next 200 n-terminal amino acids show
80 percent identity, and the remaining amino acids show less than 20 percent identity
[23].
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Chapter 4
Experimental Procedures
4.1 Purification of the Native Form
4.1.1 Motivation for Purifying the Native Form
It is important to have reliable methods of purifying the native form because it provide
a standard for comparison for the recombinant form. This will be especially useful
as a control for exploring crystallization conditions. Eventually, when the procedure
is optimized for the recombinant protein, the native protein can become the positive
control for further modifications of the protein or to replace novel components. For
purification of the native form the strategy is relatively straightforward. The S-layer
protein is located on the outside of the cell wall, which it binds to. All the other
proteins that make up the cell or could be released into the medium are impurities.
To remove the protein sbpA in a pure state, either the protein is removed from the
whole cell using a denaturant or the cells are broken, the cell walls harvested and
washed, and then the protein is removed from them using a denaturant. For this
thesis I explored a few of these alternatives. Although the general strategy is the
same regardless of the protocol, I will consider the implications of using different
steps such as using a different denaturant or a different type of cell breakage method.
27
Some s-layers proteins can be
disassembled and then reformed into
crystals for nanotech applications
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Figure 4-1: Basic schematic of sbpA assembly. Depending upon the protocol used
however, the s-layer protein can be removed from either whole cells or the cell walls,
it can be concentrated before the denaturant is removed, and the cofactor (which is
calcium ions) can also theoretically be added at the same time that the denaturant
is removed.
4.1.2 S-layer in Relation to the Organism
The first thing one should be consider when contemplating sbpA, the S-layer protein
of B. sphaericus ATCC 4525, is the position and relationship of it with regard to the
rest of the cell. As described in the background section and displayed in Figure 2-1,
gram positive cells such as B. sphaericus have thick peptidoglycan cell walls surround-
ing them. Peptidoglyclan is a polymer scaffold of peptide cross-linked disaccharides
which surrounds the cell and prevents osmotic lysis. Some types of peptidoglycan
can be cleaved by the enzyme lysozyme (if this was the case it could be utilized as
a strategy for s-layer purification.) However, experimental evidence indicates that
the B. sphaericus ATCC 4525 is lysozyme resistant [36]. Possible evidence for this
property is also described in a paper on fast screening methods for examining S-layer
proteins where S-layer proteins are examined by AFM and TEM after treatment with
lysozyme and sodium azide, since the B. sphaericus ATCC 4525 cells kept their shape
despite this treatment [49]. The partial release of S-layers that they observe is con-
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sidered to be evidence "that the peptidoglycan layer of both B. sphaericus 9602 and
B. sphaericus CCM 2177 (=ATCC 4525) becomes at least partially digested during
lysozyme treatment, because we observe a release of S-layers" and in controls for B.
sphaericus 9602 this behavior is not observed in the absence of lysozyme [49]. (A
similar result with the same strain, NTCC 9602, and lysozyme treated cell walls was
previously reported [20].) However, I note that "only during late-exponential-early
stationary phase are free S-layer sheets frequently detected" and that for B. sphaeri-
cus "the S-layer protein is synthesized during vegetative growth" [39], which is similar
to the time in which the fast screening experiments are conducted.
4.1.3 Chaotropic Reagents
Two chaotropic reagents, urea and guanidinium hydrochloride (GHCl), were utilized
for these experiments. (Alternatively, sarkosyl, a mild anionic detergent often used for
solubilizing and refolding inclusion bodies may be useful for this application although
it was not explored in these experiments.)
Urea and GHC1 have different advantages and disadvantages for protein denatu-
ration and refolding. Urea can contain cyanate ions which can cause protein mod-
ification. In order to minimize this effect urea solutions are always made fresh for
these experiments. Alternatively, some researchers add (1mM) glycine to their (6M)
urea solutions to neutralize the cyanate ions as they typically react more quickly with
glycine residues than with lysine residues [22, 48]. However, urea denatured samples
can be run directly on SDS-PAGE gels. In fact urea gradient gels can be used to
directly explore the folding transitions of proteins. Diluted urea samples (3.5M or
less) are compatible with the Bradford assay (Coomassie or Coomassie Plus, Pierce.)
Qualitatively, urea acts as a hard denaturant, thus discreet folding transitions occur
at defined concentrations. GHC1 is more time consuming to use for SDS-PAGE gel
assays as one must either be dilute, dialyze before analysis, or isolate the protein
from GHCl by trichloroacetic acid precipitation [33]. Diluted GHC1 samples (3M or
less) are compatible with the Bradford assay (Coomassie or Coomassie Plus, Pierce.)
Qualitatively, GHCl acts as a soft denaturant, with wider folding transitions. It is
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impossible to know de novo which denaturant will provide a larger percentage of sol-
uble, active protein. This property can only be determined with an assay-in this case
determining if crystallization occurs. It is noted that GHC1 is used most frequently
in B. sphaericus purification applications, however.
4.1.4 Purification Strategies
Two approaches towards the peptidoglycan layer can be made. It can either be
broken and the contents of the cell washed away or it can be left intact and the
external S-layer protein removed while the cell remains intact.
Whole Cell Method
First, we will consider the method where the cell remains intact as this is theoretically
the simpler of the two. In [42] it is suggested that intact S-layer fragments can be
removed from intact cells (of most strains) by incubation in low concentrations of
urea (0.5M.) This procedure describes a method for removing S-layer subunits at
high concentrations of urea. B. sphaericus was induced from glycerol stocks with a
sterile toothpick and grown with shaking for 12 to 16 hours at 30'C in nutrient broth
(DIFCO.) They were then diluted 1:100 in nutrient broth and grown with shaking
until they reached a absorbance of OD600=.78. They were then harvested at 4500g in
a Beckman Coulter J-20 XP centrifuge at 4C. In order to remove external impurities,
B. sphaericus cells were rinsed 2-3 times in 30mL TrisHCl pH 7.4. (At this point the
cells could be stored at -80'C and after thawing for 30 minutes, the cell pellet was
again rinsed in 30mL of TrisHCl pH 7.4 (to remove impurities from cells that had
broken during the freezing process.)) If the cells were not thoroughly rinsed a protein
band on the order of 40kD was sometimes present. The cells were incubated in a
chaotropic buffer (8M Urea, 10mM Tris, pH 8.0, or 5M GHCl, 50mM Tris, pH 8.0)
for 2 hours at room temperature. The cells were then removed by centrifugation
at 10,000g for 30 minutes in a Beckman Coulter J-20 XP centrifuge at 4'C using a
25.50 rotor. (At this point the GHCl treated samples were dialyzed against water
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overnight. The dialyzed sample was centrifuged at 15,000 g for 30 minutes.) The
purity of the isolation was then assessed qualitatively by running the preparation on
a NuPage NOVEX 4-12 percent Bis-Tris gel, using MES buffer, LDS sample buffer,
and Mark12 unstained markers (Invitrogen.) Afterwards the gel was stained with
Simply Blue Safe Stain (Invitrogen) and dried.
A pH method was also explored. In this case all steps were the same except the
cells were incubated in either .2M or .05M Glycine hydrochloride instead of a urea
buffer.
Cell Wall Methods
Cell Breakage Techniques
Two cell breakage techniques were explored in these experiments, both of which
are utilized in the literature in protocols where S layers are isolated. Sonication with a
macroprobe (in a Branson sonifier) is one method. Approximately 1.85g (wet weight)
of cells were resuspended in 30ml of 50mM Tris-HCl buffer pH 7.4 (amount harvested
from 500mL of culture.) Sonication occurred in a 50ml polypropylene centrifuge tube
(Corning) chilled in an ice water bath for 2 minutes at 75 output and a 50 percent
duty cyle as suggested in [26].
Cell breakage can be observed qualitatively by visually examining the pellet after a
10,000g centrifugation. Generally, the broken cells can be separated be separated from
the unbroken ones by gentle vortexing of the pellet or by differential centrifugation (a
spin at 1000-4500g to remove unbroken cells followed by a spin at 10,000g or higher
isolate cell walls.) An alternate method used in these experiments is the French Press.
In this case cells are broken by passing through a small orifice in with a large pressure
differential on either side. The cell suspension was passaged twice through a chilled
French Press (Thermo Spectronic) as suggested in [41] at medium pressure.
Purification Technique
For these experiments the protocol was modified from [26] and [30]. French pressed
or sonicated cells (using the above procedures) were centrifuged at 11,500xg for 15
minutes at 4'C in a Beckman Coulter J-20 XP centrifuge. The cells were resuspended
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in 30mL 50mM Tris-HCl buffer pH 7.4 containing 0.5 percent Triton X-100 (Surfact-
Amps X-100, Pierce Biotechnology) (this type of Triton X-100 has been highly purified
and is stored under nitrogen to prevent oxidation.) The Triton X-100 wash is used to
solubilize the plasma membranes which are still attached to the cell walls [41]. The
bottom portion of the pellet containing intact cells (larger for sonicated cells than
for French pressed cells) was discarded and the cell walls retained for further washing
(the two portions were separated by gentle vortexing.) The plasma membranes were
extracted again by resuspension in the Triton X-100 buffer and pelleting by the same
parameters as previously. The cell walls were washed two additional times in 30mL
50mM Tris-HCl buffer pH 7.4. S-layer protein was extracted with 1ml of chaotropic
reagent (5MGHCl or 8M Urea) per gram original biomass. lml aliquots of each
extraction were placed in polyallomer ultracetrifuge tubes (347287, Beckman Coulter)
and were centrifuged for 15 minutes at 30,000rpm ( 40,000) in a Beckman Coulter
tabletop ultracentrifuge with MLA130 rotor. This step removed the peptidoglycan
layer. Urea extracted S layer protein was run directly on a gel (Novex 4-12 percent
Bis-Tris as described previously.) Next the extracted layers were dialyzed (Slide-A-
Lyzer 10K MWCO Dialysis Cassette) against distilled water first (2 changes of 500ml,
2 hours at room temperature, overnight at 4*C) before proceeding to recrystallization
experiments.
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4.2 Creating the Recombinant Plasmid
I have successfully engineered a construct which will be utilized for sbpA protein
production. The following section describes the process.
4.2.1 Protocol Overview
The following is the methodology for cloning the gene sbpA into E. coli:
1. Synthesize the standard oligos sbpA28 and sbpA29 for isolating the gene sbpA.
2. Prepare genomic DNA from the organism B. sphaericus ATCC 4525.
3. Isolate the gene using PCR.
4. Subclone the gel purified gene into a TOPO vector.
5. Confirm presence of the sbpA gene using colony PCR.
6. Using purified sbpA TOPO vector, perform the restriction digests.
7. Ligate into digested pET28a vector.
8. Transform into DH5a cells, confirm presence of sbpA, and miniprep the plasmid.
9. Transform the sbpA pET28a vector into BL21(DE3)pLysS cells.
4.2.2 Oligos
Oligo Synthesis
Oligonucleotides were synthesized (394 synthesizer, Applied Biosystems.) Table 5.1
displays the sequences of the synthesized oligos which were obtained from [25]. A
40nmoles CE cycle was used. After synthesis, the oligos were deprotected by heating
in concentrated ammonium hydroxide at 80"C for 1 hour. The liquid was then evap-
orated at room temperature for 30 minutes. The oligos were dissolved in 1mL TE
buffer (10mM Tris, 1mM EDTA, pH 8.) They were stored at -20"C.
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Oligo Name Sequence
sbpA28 5'-CGCGGATCCCATATGGCGCAAGTAAACGACTATAACAAAATC-3'
sbpA29 5'-CGCGGATCCTTATTTTGTAATTGTTACTGTTAATTCAGC-3'
Table 4.1: Synthesized Oligos for PCR
4.2.3 Miniprep of Genomic DNA
The genomic DNA from B. sphaericus ATCC 4525 was prepared using the standard
method of [2]. The concentration and purity of the DNA was quantified using UV
spectroscopy (Hewlett Packard 8453.) The genomic DNA was stored at -20 0C.
4.2.4 PCR of the Gene sbpA
Standard forward (sbpA28) and reverse (sbpA29) primers, were used to PCR the
gene sbpA. PCR was performed utilizing PCR Supermix High Fidelity (Invitrogen)
on a PTS-200 Thermal Cycler with hot lid (MJ Research.) The protocol for PCR was
designed so that the anneal temperature was below the minimum melting tempera-
ture of the interaction between the oligos and the gene (50 0C.) The duration of the
extension step was chosen based on the size of the gene. The PCR reactions were run
on a 1 percent agarose gel. The gel was examined utilizing a UV Transilluminator
(UVP.) DNA of the proper length was removed and then extracted using a Qiaquick
Gel Extraction Kit (Qiagen.)
4.2.5 Cloning of the Gene
Subcloning into a TOPO Vector
Using the gel extracted form of sbpA produced by PCR, sbpA was directly cloned
using a TOPO TA Kit (Invitrogen.) This was accomplished by transforming the
sbpA TOPO vector into competent cells (One Shot DH5a-T1, Invitrogen) which
were grown overnight on kanamycin plates. Colony PCR was performed a number
of colonies to verify the presence of the sbpA insert. For the PCR step of the colony
PCR the original forward and reverse primers were used as was the program for the
original PCR of the gene. Glycerol stocks were made from an assortment of successful
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transforms to inoculate cultures for subsequent steps. The sbpA TOPO plasmid was
purified using a Fast Plasmid Mini Prep (Eppendorf.)
Restriction Digests
The primers sbpA28 and sbpA29 inserted an NdeI and BamHI restriction site into the
sbpA PCR construct. However, since there is a BamHI site directly in front of the NdeI
site and the NdeI site requires at least a 7 base pair overhang on either side, the NdeI
digestion must be performed first. For the first digestion, miniprepped sbpA TOPO,
NdeI restriction enzyme (New England Biolabs), and Buffer 4 (New England Biolabs)
were combined, incubated for 2 hours at 370C, and then the restriction enzyme was
heat inactivated at 80"C. The second digestion was then performed using the NdeI
digested sbpA TOPO vector, BamHI restriction enzyme (New England Biolabs), and
BamHI buffer (New England Biolabs.) Since the BamHI restriction enzyme cannot
be heat inactivated, the DNA was isolated using a Min Elute PCR Purification Kit
(Qiagen) The digestion was confirmed by running the products on an agarose gel.
The pET28a vector (Novagen) is the final destination of the sbpA gene. A double
digest was performed using the pET28a vector, NdeI, BamHI, and BamHI buffer.
The digested pET28a vector was gel purified (Qiaquick Gel Extraction Kit) after
examination with the UV transilluminator.
Creation of the Final Vector and Transformed Cell Line
The digested sbpATOPO and digested gel purified pET28a were ligated using Quick
T4 DNA ligase (New England Biolabs). They were then transformed into DH5a
competent cells. The presence of sbpA was confirmed by colony PCR and the ab-
sence of TOPO vector was confirmed by the lack of growth on ampicillin selective
LB plates. Transformed colonies that met both criteria were grown up and their
plasmids miniprepped. Plasmids of the appropriate length were transformed into
BL21(DE3)pLysS cells. Colony PCR was performed on selected transformed colonies.
Glycerol stocks were made from culture derived from colonies meeting these criteria.
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Figure 4-2: Map of plasmid sbpA-pET28a vector which codes for the protein Sbpa
with an n-terminus hexahistidine tail.
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4.3 Purifying the Recombinant Form
4.3.1 Strategy
The sbpA-pET28a vector produces both soluble histidine tagged protein and inclusion
bodies. The form of the protein leads to different purification strategies.
4.3.2 Inclusion Body Based Preparation
The cells were broken and the inclusion bodies solubilized according to [5, 6, 7] with
the exceptions described below. In [5] the cells were resuspended in 30ml of Buffer
A and 0.2 percent DOC was replaced with 0.1 percent Triton X-100 (Surfact-Amps
X-100, Pierce Biotechnology.) In [6] the centrifuge used was a Beckman Coulter J-20
XP. In [7] the 0.2 percent DOC was replaced with 0.1 percent Triton X-100, a Dremel
with stainless steel drill attachment was used instead of a Tissue-Tearor, and instead
of adding a mixture of buffer A and sarkosyl either buffer A containing 5M GHC1 or
8M urea was used.
4.3.3 Affinity Based Preparations
For affinity based purifications the specificity of the engineered hexahistidine tag
for Ni-NTA is exploited. In these procedures, Ni-NTA Agarose (Qiagen) is utilized
because it allows protein binding to occur in bulk solution (allowing the protein
to have access to all binding sites on the agarose beaks), whereas elution can be
performed in a column (allowing protein to be concentrated as it elutes in the disk
shaped step gradient between different concentrations of imidizole.) For this method
we use gravity flow columns (Biorad) because they allow one to minimize dilution
(which occurs in more automated setups.)
Limitations of Approach for Ni-NTA Affinity Based Purification
The sbpA-pET28a vector was designed in order to simplify production and purification
of the recombinant form of sbpA. However, in choosing this vector design a number
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of tradeoffs were made. The sbpA-pET28a vector utilizes the hexahistadine tag built
into the pET28a vector, meaning that it did not need to be created and built into
the construction. Hexahistadine tags are the standard protein form used for Ni-
NTA affinity purifications. However, increasing the number of histidines in the tag to
seven allows for purer protein isolations because it allows washes and elution at higher
imidazole concentrations [1]. Standard hexahistadine Ni-NTA purifications can allow
up to 95 percent pure isolations. Higher imidazole concentrations remove natural
protein contaminants that bind to the column. Using more than seven histidines
makes the protein difficult to elute from the column [1]. A n-terminal histidine
tag was chosen rather than a c-terminal one. As shown in the experiments the n-
terminal histidine tag is accessible for purification of the soluble fraction of the protein.
Soluble fractions are more likely to be folded correctly and contain active forms of
the protein. Solubilization by denaturing reagents of insoluble forms and purification
under denaturing conditions is also a possibility. A limitation of this purification
technique is that if prematurely terminated proteins are present, they will be purified
with the intact protein but may act as contaminants in subsequent crystallization
processes. In the literature, is has been determined that the C-terminal is not located
on the surface. If the C-terminus was chosen as the location for the histidine tag,
soluble protein purifications would be unlikely to work. Denaturation based methods
most likely would be required so that that the histidine tag would be exposed to the
column. Also, the hidden c-terminal tag may affect protein folding.
Soluble Fraction
For standard soluble protein affinity based purifications (which have not yet been
modified to include the S layer-specific procedures), the protocols [5, 6] with the
modifications given above are used. However there are several additional changes.
Since the protein will be purified on a Ni-NTA column which EDTA strips, Buffer A'
(which is made without EDTA) is used instead of Buffer A. The supernatant produced
in [6] is then subject to affinity purification with the Ni-NTA beads.
The following protocol is that used in Sue-Hwa Lin's module at the Cold Spring
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Harbor Protein Purification Course except the phosphate buffer has been replaced by
a Tris buffer. The Ni-NTA beads are washed in column with ten volumes Washing
Buffer (Buffer A'=50mM Tris-HCl, pH=7.9, 50mM NaCl, 5 percent glycerol + 250mM
NaCl + 25mM Imidazole + 0.1 percent Triton X-100). Afterwards, the beads are
transferred to a 50ml tube. The supernatant is transferred to the 50ml tube. The
beads and the supernatant are mixed gently by shaking in an ice water bath for 1-2
hours. Briefly spin down the beads at 1g or let them settle due to gravity and save
the flow through for a protein assay. Wash the beads with Washing Buffer twice. The
first time use a Washing Buffer that includes 0.1 percent Triton X-100. The second
time use a Washing Buffer that does not contain Triton X-100 (as it will interfere
with the Bradford assay.) The beads are loaded into the column. Stepwise elution
is then performed with an increasing amount of Imidazole in the Washing Buffer
(without Triton X-100). After each fraction is collected there is a 1-2 minute pause
in order to achieve good equilibration. The column should be eluted by 6-8 fractions
(half the bead volume) each of Washing Buffer containing the following Imidazole
concentration (50mM, 100mM, 250mM) and lacking Triton X-100. If desired there
can be a final elution with EDTA to confirm that all of the protein has been eluted.
Inclusion Body Fraction
Affinity based purification of the inclusion body fraction is a combination of the
inclusion based purification and the affinity purification of the soluble fraction. In
this case the inclusion based purification is performed to completion except Buffer A
is replaced with Buffer A' (though if desired Buffer A can be utilized in [5] in order
to produce a cleaner inclusion body preparation.) At the end of procedure [7], the
inclusion bodies are solubilized in a chaotropic buffer, either Buffer A'G (Buffer A'
containing 5M GHCl) or Buffer A'U (Buffer A' containing 8M urea.)
At this point the affinity purification protocol given above can be used except
Buffer A'G or Buffer A'U should be substituted for Buffer A'.
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Further Preparations for Crystallization
If affinity purification with Ni-NTA beads is used before crystallization it may be
necessary to concentrate the protein containing fractions by diafiltration before sub-
sequent steps as the beads have a maximum capacity of 5-10mg/ml and there is likely
to be some dilution in the elution procedure.
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Chapter 5
Results
5.1 Purification of the Native Form
5.1.1 Whole Cell Method
Figures 5-1 and 5-2 compare the urea and GHCl whole cell methods. The GHCl was
somewhat harder to work with because the samples needed to be treated (in this case
dialyzed before the gel could be run.) The GHC1 solution is diluted due to dialysis.
The pH dissociation method produced lower yields of the protein than the chaotropic
methods (see Figure 5-3.)
5.1.2 Cell Wall Methods
Sonication using the parameters specified in Chapter 4 did not break all cells, espe-
cially in the case of gram positive cells of B. sphaericus which are not susceptible to
lysozyme (as opposed to E. coli.)
The pellet from whole B. sphaericus ATCC 4525 cells will generally appear gray-
ish. After sonication the pellet generally looks like a bull's eye (see Figure 5-4), with
a grayish area in the center (this is composed of unbroken cells which are more dense)
surrounded by a whiter area. The whiter area is composed of cell walls from broken
cells.
Approximately 50 to 75 percent of cells were broken using the sonication procedure
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Figure 5-1: Whole Cell Urea Method. Lane 1, Mark12 Unstained Standard (Invit-
rogen.) Lanes 2 and 3, sample heated to 70"C. Lanes 4 and 5, sample heated to
1000C.
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Figure 5-2: Whole Cell GHC1 Method. Lane 1, Mark12 Unstained Standard (Invitro-
gen.) Lane 2, dialysis pellet A. Lane 3, dialysis supernatant A. Lane 4, dialysis pellet
B. Lane 5, dialysis supernatant B.
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Figure 5-3: Whole Cell pH Method. Lane 1, Mark12 Unstained Standard (Invitro-
gen.) Lane 2, blank. Lane 3, .2M Glycine HCl. Lane 4, blank. Lane 5, .05M Glycine
HCl.
Figure 5-4: Bull's eye like patterns appear in cell lysate pellets when some but not
all cells are broken.
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Bull's Eye Pellet
Cell Walls
Unbroken Cells
described. The sonication sheared the genomic DNA (in fact, in some protocols for
gram negative bacteria it is used solely for this purpose rather than for cell breakage.)
Treatment with a French Press produces uniform breakage, resulting in a mostly
white pellet. The pellets from French Pressed cells were viscous, indicating that a
large percentages of genomic DNA remained intact following the treatment.
Purification Technique
French pressed cells produced very pure preparations because few whole cells were
present, and thus the contaminating interior and exterior proteins could be washed
away. For sonication procedures it was more challenging to separate the whole cells,
which could lead to some impurities. GHC preparations must be dialyzed, diluted, or
the protein precipitated by trichloroacetic acid before they can be run on SDS-PAGE
gels.
5.2 Creating a Recombinant Plasmid
Forward and reverse sequencing indicated that the specified plasmid was created. In
addition, PCR reactions always generated linear DNA of the expected length.
5.3 Purifying the Recombinant Form
In the gel shown in Figure 5-5, the native and recombinant forms are shown side by
side.
5.3.1 Inclusion Body Based Preparation
The inclusion bodies contained the majority of sbpA produced. Optimally, recombi-
nant protein can be isolated from inclusion bodies at 95 percent purity.
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Figure 5-5: Comparison of Native and Recombinant Protein. Lanes 1 and 2, sbpA
from whole cell urea method. Lane 3, Mark12 Unstained Standard (Invitrogen.)
Lanes 4 and 5, SDS extracted whole cells containing the sbpA/pET28a plasmid which
were induced for 3 hours.
5.3.2 Affinity Based Preparations
Soluble Fraction
Figure 5-6 shows a standard soluble fraction imidazole elution from a Ni-NTA column.
The purest protein elutes in the 2nd and 3rd fraction of the 250mM imidazole series.
Some of the impurities that remain at this point may be truncated protein that
contains a histidine tag.
Inclusion Body Fraction
Inclusion body based purification produces sbpA at high purity. The use of inclusion
bodies as a starting material acts as an additional purification step that precedes the
affinity purification step.
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Figure 5-6: Affinity Purification of Soluble Fraction. Lanes 1 through 5, fractions
1 through 5 of 50mM imidazole elution. Lanes 6, 7, 12, and 13, Mark12 Unstained
Standard (Invitrogen.) Lanes 8 through 12, fractions 1 through 5 of 100mM imidazole
elution. Lanes 14 through 18, fractions 1 through 5 of 250mM imidazole elution.
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Chapter 6
Discussion and Conclusions
6.1 Purification of the Native Form
6.1.1 Chaotropic Reagents
The best way to remove cyanate ions from urea buffers is by running the solution
through mixed bed ion exchange resin. I will use this method in the future.
6.1.2 Whole Cell Method
The success of using chaotropic reagents for these experiments depended upon the
extent that they affected the integrity of the cells-which would have the effect of
releasing protein contaminants. Alternate chemicals can be used for whole cell purifi-
cation if they share the property of maintaining cell integrity. In this case an analytic
gel should be run before proceeding to crystallization steps in order to ensure that
the purity of the native sbpA is above 95 percent. Also, if the protein is too dilute,
the sample may need to be concentrated and refolded.
Though it was not utilized in these experiments, a method for quantitative staining
and scanning of SDS gels is described in [8]. I plan to utilize that method in the future.
pH dissociation methods were less efficient than chaotrope based methods because
they may only allow the harvest of S-layers which have been released from cells prior to
experimentation, a process that occurs naturally to some degree in late logarithmic
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phase. The reference [20] suggests that for a different strain of the same species
(NTCC 9602) the addition of pH lowering reagents can disrupt the structure of S-
layer proteins, though it does not release them from the peptidoglycan layer, and
thus from the natural binding partner of the S-layer protein-most likely a cell wall
polymer attached to the peptidoglycan layer [23].
Urea buffer was the simplest for experimentation. The whole cell method was fast,
though some impurities were present. In future crystallization trials I will determine if
this level of purity is sufficient. If it is, this will be my method of choice for producing
native protein as a control reagent.
6.1.3 Cell Wall Methods
Improving the efficiency of sonication as a cell breakage technique is possible though
the tradeoffs must be considered. Increasing the duration and intensity of the sonica-
tion, for example 80-95 output for 6 to 7.5 minutes as was performed for a different
strain of the same species [19], while continuing to cool in an ice water bath can in-
crease the fraction of cells that are broken, though some will remain unbroken. Harsh
sonication can heat the sample and possibly shear the protein. Milder sonication
conditions produce larger cell wall fragments whereas harsher conditions increase the
yield [26] of broken cells.
The primary advantages of sonication are that it is a relatively fast technique and
that it shears DNA.
Though the yield of broken cells is higher, treatment with a French Press takes
much longer than sonication. For B. sphaericus breakage of an equal sized starting
pellet using a French Press provides a higher yield of protein because fewer unbro-
ken cells are present and need to be removed for further processing. For very pure
protein preparations, shearing or removal of the DNA remaining in French pressed
preparations is recommended (to remove protein that is either trapped in the DNA
or present due to affinity.)
The optimal procedure for highest purity and yield of protein for Cell Wall type
purifications is probably a combined method in which the French Press procedure is
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utilized first to break the cells and this is followed by a light sonication procedure
which causes the genomic DNA to be sheared and removed with the supernatant.
For example 3 x 20s, on 20 percent power with the macrotip should accomplish the
objective.
Purification Technique
For exploring crystallization, we would like to have standard methods for pre-
dicting protein concentration before performing assays. Typically for crystallization
protocols protein solution contains 2.5 mg/ml protein after dialysis against distilled
water and removal of aggregated protein by centrifugation [31]. Thus it probably
contains 10 to 20mg/ml before dialysis. Approximately 16 percent of wet weight cells
(biomass) is protein (for E. coli.) According to [4, 39], S-layer proteins constitute
between 5 to 15 percents of total protein of S-layer producing cells when they are in
the exponential phase. This means that a minimum of 8 percent of the wet weight
biomass is S-layer protein provided that the culture has not been overgrown with
non-S-layer producing cells. Thus in order to calculate the amount of denaturant
the wet weight (g) of the starting pellet should be multiplied by .08 (8 percent) and
divided by .010 g/ml.
If on average a .95g wet weight pellet is produced per liter of culture, then the
30ml of urea buffer used to solubilize the S layer protein from pellet derived from 4
liters of culture in the following reference [19] is in line with this order of magnitude
calculation.
6.2 Creating a Recombinant Plasmid
Mass spectroscopy of purified sbpA will demonstrate that the intended protein is in
fact created from this plasmid and that no additional problems exist downstream.
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6.3 Purifying the Recombinant Form
6.3.1 Inclusion Body Based Preparation
This procedure differs from the procedure cited in [27] and referenced in [25]. This
procedure described in this thesis utilizes a lysozyme present in the cell line and a
freeze thaw cycle to break the cell wall. The two procedures will be compared to
verify that the freeze cycle does not harm the sbpA and the inability to completely
isolate the peptidoglycan does not create interference with competing sbpA assembly
substrates.
This method will probably become the basis for preparative sbpA production,
although these steps will be followed by gel filtration chromatography, lyophilization
of the protein, and refolding at high concentration.
6.3.2 Affinity Based Preparations
The Tris buffers used for these purifications are not optimal because they contain
primary amines. They were selected in this case because phosphate forms an insoluble
precipitate with calcium, which is the cofactor of sbpA that causes crystallization of
the tetramers. In the future a buffer that does not contain primary amines such
as MOPS or HEPES will be used. The protein gel demonstrates that this procedure
produces high purity sbpA, although truncated forms remain as impurities (which may
be a problem for crystallization.) Thus, this technique does not provide significant
advantages over an inclusion body based preparation followed by gel filtration.
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Chapter 7
Impact and Future Work
This project has allowed me to assess the feasibility of converting a natural S-layer
protein into an engineering building block. Though the protein can be reliably har-
vested at high purity, there is still much to be done. The next critical steps are to
establish reliable conditions for crystallization and observation. If these steps are
completed satisfactorily, then three challenges arise:
* creating a set of alternate lateral junctions which can be used in register to
perform logic so that the tiles can act as boundary and rule tiles
e creating and positioning a set of vertical linkers that can bind to inorganic
substrates or other substances above and below the subunit so that real circuit
formation is a possibility
o creating rules for the protein sequence design so that the alternate DNA se-
quences can simply be switched out combinatorially as the design dictates.
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Appendix A
Winfree's Work
A.1 Theory
Winfree has explored the idea of programmed self-assembly as a method for building
non-periodic structures in two dimensions. His work utilizes the results of Wang's
explorations of the tiling problem, which showed that two dimensional tilings can
lead to Turing-universal systems [50, 51]. Winfree's models provide pathways for
building complex logic into the process of self-assembly, allowing one to consider
constructions that could feasibly form scaffolds for an array of digital circuits (see
Figure A-1) and other patterns [10]. Typically his constructions consist of two types
of tiles: boundary tiles and rule tiles. Boundary tiles (sometimes called input tiles, as
they are the first assembled and determine the resulting calculation) and the corner
seed tile generally define the initial conditions for the computation and the physical
boundaries of its extent, whereas rule tiles complete the calculation-thus forming the
bulk of the pattern. Some examples of boundary and rule tiles are shown in the circuit
patterns (see Figure A-1) and the Sierpinski triangle tiling (see Figure A-2). Winfree's
abstract Tiling Assembly Model is Turing-universal, meaning that only small numbers
of tiles are required for complex assembly formation [37]. Typically the threshold for
a tile addition is set for two in this model, i.e., two strong interactions must occur
at one position between a tile and an existing structure for the tile to assume that
position. An illustration of this model is shown in Figure A-2, part b). A kinetic
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Figure A-1: Self-Assembled Circuit Patterns a) Rule tiles, boundary (input and seed)
tiles, and resulting demultiplexer based on a counter type pattern. b) Addressable
memory array utilizing two demultiplexers. Image adapted from [10]
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Figure A-2: Sierpinski triangle assembly. a) Rule tiles (which perform the logic by
implementing an XOR operation) and boundary tiles (which includes the corner tile)
b) Process of growth using the two or more strong interaction rule from the abstract
Tiling Assembly Model. c) Rates of tile association and disassociation using the
kinetic Tiling Assembly Model. d) Various stages of assembly. Image adapted from
[54]
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Tile Assembly Model considers the implications of reversible chemistry: addition of
tiles is proportional to free monomer concentration and dissociation is exponentially
related to bond strength. An illustration of the implications of this model is shown
in Figure A-2, part c). In this case complex self-assemblies are expected to form if
the following conditions are met, when the growth begins from a seed corner tile:
* monomer tile concentrations remain constant
" assemblies grow by single tile addition
" assembly growth is independent (no assembly fusions) [37].
Together these systems provide standard models and patterns that are highly appli-
cable for future explorations in this field, regardless of manner in which the tile is
physically implemented.
A.2 Practice
Winfree has created tiles out of DNA, using a double crossover type motif, with
tiles approximately 2x4x10-16 nm3 in size [55]. He has produced striped lattices
consisting of repeating patterns of two to four units each (see Figure A-3.) Typically
the largest assemblies are on the order of 2x8 um2 [55]. Thus far, no well-defined
physical algorithmic assemblies on the order of the complexity of the simulations
(such as counter assemblies, Sierpinski triangles, and Hadamard matrices) have been
formed [37]. Currently, creating the boundary tiles assemblies which are necessary to
provide the starting conditions for complex assembly formation remains a challenge,
primarily because the constraints of the kinetic Tiling Assembly Model are challenging
to achieve in physical reality. The primary problem is that intermediate assemblies
can form in the absence of corner tiles, meaning that assembly often does not grow
by single tile addition in a programmed fashion and tile monomers are expended in
non-programmed assemblies. For programmed self-assembly, perfect boundaries must
be created either before or simultaneously with rule tile assembly in order to serve as
the inputs for secondary two-dimensional growth of a patterned array.
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Figure A-3: DNA Tiles a) Colored edge model of DX DNA tile striped assemblies.
b) Model structures of different type A units. c) Assembly lattice topologies of dif-
ferent tile forms. d) Physical realizations of AB and ABCD forms, which are shown
schematically in part a), measured with fluid cell AFM (the scale bars are 300nm.)
Image adapted from [55]
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